Introduction
Earthquake excitations have a multidirectional nature, constantly changing their amplitude and orientation. This loading feature induces intricate patterns of stress-strain behavior when the resulting waves travel through soil deposits. Fig. 1 shows the horizontal acceleration time-histories and acceleration orbit of the 1995 Kobe Earthquake recorded at the Shin-Osaka station, where loading irregularities and evolving shearing direction is revealed. Applying such horizontal components simultaneously rather than only one is likely to increase the volumetric response, as acknowledged since the 1970's through experimental studies. Specifically, Pyke et al. [1] and Seed et al. [2] conducted unidirectional (UD) and bidirectional (BD) shaking table tests on dry samples of Monterey No. 0 sand with relative densities (D r ) of 60% subjected to circular and earthquake-like loading paths, and depicted that BD shearing increased settlement up to 100% when compared to UD shearing. Furthermore, associated pore water pressure estimated using the Martin et al. [3] model suggested that the cyclic shear ratio (CSR) required to cause liquefaction, or cyclic resistance ratio (CRR), was 10%-20% smaller under BD shearing. Fig. 2 illustrates the main outcomes of the above-mentioned studies. These early findings have shaped the development of simplified procedures that account for BD shearing to estimate seismic-induced settlement in dry [e.g., 4, 5] , and saturated [e.g., 6] level-ground sand deposits.
Years later, BD cyclic simple shear tests under undrained conditions were conducted by Ishihara and Yamazaki [7] using samples of Fuji River sand, who reported that CRR obtained under BD shearing were 30% lower than under UD shearing. Ishihara and Nagase [8] used Japanese earthquakes recordings to expand the former database, using Fuji River sand samples with D r of 45%, 70% and 95%. The results disclosed that the added demand caused by BD shearing was not influenced by the level of D r , as also noted recently by Jones and Sadrekarimi [9] using sinusoidal-type waveforms on samples of Fraser River sand. Kammerer et al. [10] [2] can overestimate liquefaction resistance under BD shearing. Moreover, it was identified that an excess pore water pressure ratio near or equal to 1 is not a requirement to achieve a liquefaction-like behavior during BD shearing: values as low as 0.7 were observed to be associated with the development of large shear strains. Bhaumik et al. [11] conducted UD and BD cyclic simple shear tests on dry samples of clean Ottawa 40/70 sand. Their results for D 50% r and 85% subjected to circular and figure-8 type shearing paths suggested that the increase of volumetric strain caused by BD over UD shearing varies between 50% and 200%, showing a wider range than the level reported by Pyke et al. [1] for Monterey No. 0 sand.
Based on centrifuge testing, Su and Li [12] investigated the response of a loose saturated level ground Toyoura sand deposit when subjected to UD and BD shear loading. By using sinusoidal-type waveforms as input, they observed an increase of excess pore water pressure and postshaking settlement of 20% and 10%, respectively. More recently, El Shafee et al. [13, 14] and Cerna-Diaz et al. [15] conducted similar tests on Nevada 120 and Ottawa 40/70 sand deposits, respectively. While El Shafee et al. [13, 14] used synthesized motions to simulate the phasetime history of real earthquakes, Cerna-Diaz et al. [15] employed actual ground motion recordings with different levels of intensity. These studies showed that the increase in excess pore water pressure response during BD shearing may depend on the D r of the sand deposit, and that it can be as much as 100% higher than during UD shearing for the case of dense sands.
Nie et al. [16] used a continuum-based numerical analysis approach to gain insight on the impact of BD shearing on dry sands. They used the computer program SUMDES [17] along with a double hardening bounding surface sand model [18] [19] [20] , and focused on studying the seismic compression of element-level numerical models of dry Silica No. 2 sand by subjecting them to UD and BD seismic shearing. They concluded that the rise of seismic compression caused by BD over UD shearing ranged from 50% to 130%. Furthermore, they showed that this increase was related to the level of D r : the higher the density, the larger the impact of BD shearing. El Shamy and Abdelhamid [21] used a discrete element numerical analysis to examine the response of saturated granular deposits subjected to BD and UD sinusoidal-type motions. They made use of coupled lattice Boltzmann method discrete element simulations, which allowed them to present detailed acceleration time-histories and stress and strain loops. Their study revealed that BD shearing not only induced higher generation of excess pore water pressure but that it also led to a thicker layer of liquefied material (i.e., excess pore water pressure ratio close to 1) than UD shearing. Moreover, the resulting post-shaking settlement was shown to increase up to 30% as a consequence of BD shearing.
Most of the above research has made possible to foster our understanding on the behavior of saturated sands under BD shearing. However, while some of them highlight its importance on the shearinduced volumetric response of sand deposits [e.g., 13 ], others suggest that its effects are not significant [e.g., 12 ]. These contradictory observations can be attributed to the different levels of D r , shear amplitudes/intensities (e.g., CSR, peak acceleration, Arias intensity), and shearing patterns (e.g., circular, figure-8, earthquake-like) employed in such studies. Moreover, existing simplified procedures to estimate seismic-induced settlements have not been updated in light of the recent experimental evidence. Consequently, there is a clear need for revisiting such procedures based on validated numerical methods that can consider the potential increase of volumetric response in BD shearing.
To thoroughly quantify the effect of BD seismic shearing on the volumetric response of sand, this paper presents a numerical database derived by performing non-linear site response analyses for UD and BD A. Reyes, et al. Soil Dynamics and Earthquake Engineering 125 (2019) 
shaking on homogeneous dry and fully saturated loose to dense sand deposits. The numerical analyses were conducted in a three-dimensional (3D) finite difference computer program along with an anisotropic bounding surface plasticity model for sands and focused on simulating the shear-induced volumetric response during shaking. Consequently, post-shaking settlements were not considered in this study. Localized and discontinuous phenomena such as ejecta, that can further contribute to settlement [22] , were not accounted for either. The performance of the constitutive model was first assessed by validating its predictive capabilities against a set of centrifuge tests of saturated level ground sand deposits subjected to BD shearing. Following the validation, the development of the numerical database and the study the impact of BD seismic shearing relied on the constitutive model capacity for simulating shear-induced volumetric response during shaking. Therefore, for the case of the dry deposits, surface settlement was considered as performance index. On the other hand, excess pore water pressure response and the change of the thickness of liquefied layer were used for the saturated case. The motions used as input consisted of non-scaled earthquake recordings selected to cover a wide range of intensity measures and applied as UD and BD shearing at the base of the numerical model. The results of the analyses revealed the relevance of accounting for BD seismic shearing and the need for it to be considered in the volumetric response of sand deposits. Moreover, additional simulations conducted using a separate set of scaled ground motions showed the importance of defining optimal ground motion intensity measures associated to both UD and BD shaking.
Numerical framework
This section introduces the computational platform used in all the simulations throughout this paper, followed by a detailed description of the constitutive model.
Computational platform
The numerical simulations were completed in the finite difference computer platform FLAC 3D [23] , which uses an explicit time-integration scheme to model the dynamic response of 3D continuous media. In this program, the continuous media is replaced by a discrete-equivalent domain in which forces and displacements involved in the analysis are concentrated at the nodes of the 3D mesh used in representing the domain. Each zone or element of the mesh is comprised by a number of constant strain-rate subzones of tetrahedral shape whose vertices coincide with the ones of the zone. Solid-pore fluid interaction in this platform is based on the well-established coupled formulations of poromechanics originated by Biot [24] and extended by Detournay and Cheng [25] . The numerical scheme for the coupled formulation in fully saturated media relies on a fluid continuity equation, which relates fluid flow to changes in pore pressure and volumetric strain. Solving this equation requires a series of steps involving fluid flow loops followed by mechanical loops to maintain equilibrium state. The fluid flow loops calculate changes in pore pressure while the mechanical loops address the changes in volumetric strain due to the adjustment of effective stress induced by the fluid flow loops. A built-in isotropic fluid model is used in this study for simulation of the mechanical response of the pore fluid.
Adinata [26] carried out a detailed verification study on the reliability of this numerical platform for simulation of wave propagation and solid-pore fluid interaction. This included evaluation of important details such as adequate spatial ( h) and temporal ( t) discretizations, Rayleigh damping parameters and treatment of boundary conditions, for simulation of such problems, by comparing the performance of the computer program against a number of close-form solutions of one-dimensional (1D) elastic wave propagation problems through single and double phase media. For 1D propagation of shear waves in 8-node brick elements, the element size h should be less than about 1/10 of the smallest wavelength ( min ) of interest, which can be estimated as V f / min max , i.e., the ratio of the minimum wave velocity of the medium and the maximum excitation frequency. On other hand, the simulation time step t should prevent the fastest traveling wave from reaching two consecutive nodes at the same time, which otherwise would violate a fundamental property of wave propagation, leading to instability of numerical solution [27] . The adequate time step can be first estimated as the ratio of h and maximum wave velocity of the medium, or h V / max . However, this estimation should be further reduced by a factor of 5-10 to prevent possible numerical instabilities caused by the explicit time-integration scheme of the computational platform. Rayleigh damping coefficients should be selected in order to cover a frequency range between the first and third modal frequencies of the deposit, as recommended by Kwok et al. [28] . This criteria was verified against analytical solutions defined in time [29] and frequency [30] domains. Finally, for modeling of level ground sites with a rigid base, where 1D wave propagation is expected, the imposed boundary conditions consist of fixing the vertical displacements at the base of the domain and tying the side nodes at each elevation. These criteria were used throughout the validation section and the development of the numerical database.
Constitutive model
Studying multidirectional shaking in saturated media by means of a numerical approach requires the use of a constitutive model capable of modeling the complexities of wave propagation in a 3D setting. In particular, the soil constitutive model used in the corresponding simulations needs to comply with a number of requirements such as being formulated in the multiaxial space, having mechanisms for reproducing soil stiffness and strength, coupling between volumetric and deviatoric responses, among others [31] . Based on these requirements, the constitutive model selected for this study follows the basic premises of the original two-surface plasticity model developed by Manzari and Dafalias [32] and its sequel by Dafalias and Manzari [33] with a useful fabric-dilatancy quantity, entering the realm of what was later on named SANISAND class of models [34] . The modeling approach is based on bounding surface plasticity with kinematic hardening of the yield surface (YS) and critical state soil mechanics concepts, allowing for a unified description at any pressure and density by the same set of model constants. The former studies [32, 33] represent the core of the constitutive model, and a number of subsequent works [19, [34] [35] [36] [37] include different extensions and constitutive features that can be added to the original framework. To involve fewer model parameters and for simplicity, the version of Dafalias and Manzari [33] together with an overshooting correction scheme as described in Dafalias and Taiebat [37] has been considered as the reference soil constitutive model, and it is referred to with the generic name of SANISAND hereafter. Table 1 summarizes the constitutive equations of the version of SANISAND used in this study. Model implementation and testing in FLAC 3D was completed by Barrero [38] . This implementation has been already employed and compared against another one in a different numerical platform [39] in the comprehensive study by Ramirez et al. [40] . The verification of the model implementation is not repeated here. An extensive description of the base model can be found in the foregoing references, and here only a brief descriptive outline is presented.
SANISAND was developed within the frameworks of critical state soil mechanics and bounding surface plasticity. The major constitutive ingredients are the use of bounding and dilatancy surfaces, abbreviated here as BS and DS, respectively, in the multiaxial deviatoric stress space, generalizing the peak stress ratio and dilatancy stress ratio (phase transformation line slope) in p-q space, respectively. Both surfaces are made functions of the state parameter ψ [41] such that at critical state where = 0, the surfaces collapse onto the fixed critical state surface that generalizes the critical state stress ratio = q p M / in pq space. Such dependence of BS on ψ allows the description of the softening response for denser than critical samples, an idea first A. Reyes, et al. Soil Dynamics and Earthquake Engineering 125 (2019) 105665 promoted by Wood et al. [42] . But even more important is the dependence of DS on ψ, first introduced by Manzari and Dafalias [32] , because it is the underlying reason why the model can simulate the response of both dense and loose samples with same set of constants. Moreover, the model is able to capture the mean effective stress reduction due to the gradual increase of pore water pressure during cyclic loading under undrained conditions. The plastic modulus and dilatancy of the model are controlled by two parameters symbolized by h 0 and A 0 , respectively. To better capture the sand response in cyclic loading, the contraction tendency during reverse loading following a dilation phase is enhanced by a fabric-dilatancy tensor, which accounts for the fabric changes during plastic dilation with evidences in microscopic studies. This reinforces the pore water pressure build up towards the liquefaction state, and allows the model to capture the butterfly shape of stress path as observed in the experiments.
SANISAND has been proven successful in reproducing the monotonic and pre-liquefaction cyclic response of sands for a wide range of pressures and densities under UD shearing in both element and centrifuge testing [e.g., 33, 40, [43] [44] [45] . Regarding BD cyclic shearing, Yang et al. [31] presented a detailed evaluation of the model against a large database of BD cyclic shear tests conducted on Monterey No. 0/30 sand by Kammerer et al. [10] . Their model calibration was based on the UD loading laboratory tests of Riemer [46] , Wu [47] , and Kammerer et al. [10] . Then, their evaluation, specifically designed to examine the performance of the model in the element level, revealed that SANISAND was successful in capturing excess pore water pressure built up for a number of loading paths of BD shearing without any further recalibration.
The above studies have shown the model strengths in capturing volumetric or pore water pressure response of sand subjected to cyclic shearing before and after the onset of liquefaction at near zero effective stresses. Furthermore, they have also demonstrated that SANISAND adequately represents the cyclic shear stress-strain response of sands in undrained loading as the mean effective stress reaches a value close to zero. However, after this point, the stress-strain loops of the model appear to lock-up within a few cycles, preventing it to capture the increase of large shear strains with the number of cycles as seen in the experiments. This is essentially attributed to a shortcoming of the model in capturing the shear strains at the near zero level of effective stress where the material is in its temporary liquefied regime before it goes to dilation and regain its strength. For this reason, the present study essentially focuses on the shearinduced volumetric response of the model during shaking.
Validation of Constitutive Model
A validation process assesses the degree to which the model can accurately represent the real behavior of a material from a rather physical or mechanical perspective, and is typically conducted with respect of the intended use of the constitutive model, which in this case is the modeling of shear-induced volumetric response of sand deposits during BD shearing. For this purpose, considering existing assessments of the constitutive model performance against UD shearing laboratory and centrifuge tests and BD cyclic shear tests, model validation is extended here by introducing its evaluation against relatively recent BD shearing centrifuge tests of saturated sand deposits; such centrifuge tests are currently limited in the literature. Table 2 presents the   Table 1 Multiaxial constitutive equations in the SANISAND version used in this study [after 33, 37] .
Formulation constituents Multiaxial equations Constants
Critical state = e e p p ( / )
Elastic volumetric strain increment = dp K summary of the tests chosen for validation, which were conducted on two types of sand, different levels of D r and a variety BD shearing patterns, covering a range of scenarios relevant to the objectives of this study.
The validation focused on assessing model performance against the volumetric response of the centrifuge tests, namely, in terms of excess pore water pressure and surface settlement during shaking. Consequently, reduction of effective stresses rather than accumulation of shear strains was the main focus of the validation. Large shear strain development after at the onset of liquefaction, i.e., near zero effective stress, and post-shaking excess pore water pressure dissipation and settlement were not evaluated in this study. The performance assessment of the constitutive model is assessed against a number of centrifuge tests subjected to bidirectional base shearing. All the testing measurements and simulation results are presented in the prototype scale unless specified otherwise.
Bidirectional shaking of Toyoura sand

Description of the centrifuge tests
Su and Li [12] and Su et al. [48] reported results of a series of BD shearing centrifuge tests conducted in the biaxial hydraulic shaker available at the Hong Kong University of Science and Technology (HKUST) centrifuge facility. The tests were performed on 16 m-deep Toyoura sand deposits, air pluviated to achieve an initial = D r 40% and saturated with de-aired water under vacuum conditions. In order to minimize the effect of the boundaries of the container, the centrifuge tests made use of a rounded laminar box. Su [49] presented a detailed description of the shaker, instrumentation and testing program. Their centrifuge tests basically consisted on varying the loading conditions, particularly, the peak accelerations of the base input motions. Two of these were selected for the validation study, each one subjected to a different BD shearing motion, and labeled here as motion 1 and 2. Both of these share the same target loading pattern but differ in their peak acceleration along the x and y directions. Fig. 3 illustrates the x and y components of input acceleration time-histories, and the acceleration orbit of motion 1 as described in Su and Li [12] . Table 2 details the peak accelerations for each component for motions 1 and 2. The experimental results used for validation were the excess pore water pressure ratio (r u ) time-histories, peak excess pore water pressure ( u peak ) depth profiles and surface settlement time-history, all during shaking.
Numerical simulations
The numerical model used to simulate these centrifuge tests consisted of a 16 m-deep 3D soil column. SANISAND parameters used to capture Toyoura sand response in the centrifuge tests were chosen from the calibration presented by Taiebat et al. [44] , which was based on the monotonic and constant-p cyclic triaxial tests conducted by Verdugo and Ishihara [50] and Pradhan et al. [51] for the same material used in the centrifuge tests. In this study, this calibration was updated to account for the overshooting correction and for the evolution of fabric dilatancy experienced during undrained cyclic loading in element tests. Specifically, results from the undrained cyclic torsional tests on Toyoura sand by Zhang et al. [52] were used to guide the calibration of parameters z max and c z , which control the fabric dilatancy tensor in SANISAND. The authors acknowledge that the Toyoura sand batch employed by Verdugo and Ishihara [50] and Pradhan et al. [ Consequently, the latter tests were merely used to calibrate the model for an adequate development of fabric dilatancy, as illustrated in Fig. 4 , where the simulated dilationcontraction behavior is similar to the pattern of the experiment until the onset of liquefaction. The calibrated model parameters on the basis of these elements tests were used with no further adjustment in the simulation of the centrifuge tests.
Hydraulic conductivity used in the simulations considered the standard scaling coefficient for centrifuge testing as well as an additional scaling factor to account for the agitation phenomenon. Considering this latter scaling factor is consistent with the approach is used in Su [49] and Su and Li [12] to mimic the increase of hydraulic conductivity of liquefied soil in centrifuge tests that use water, as extensively reported in and/or discussed by Scott [53] , Hushmand et al. [54] , Ishihara [55] , Kim et al. [56] , Shahir et al. [57] , Wang et al. [58] and others. Back-calculating from their own experimental results, Su [49] determined that an agitation scaling factor was necessary to adequately simulate the excess pore water pressure response recorded in their centrifuge tests. For this purpose, Su [49] reported a flow velocityhydraulic gradient plot from which the scaling factor could be derived. This approach was then used in Su and Li [12] by adopting a factor of six, value selected specifically to validate the double hardening bounding surface sand model [18] [19] [20] used in the computer program SUMDES [17] . Following the aforementioned procedure, an agitation factor of four was defined for the present study. Therefore, considering the laboratory hydraulic conductivity of Toyoura sand at 1 g of × 2 10 4 m/s, and centrifuge and agitation scaling factors of 40 and 4, respectively, the hydraulic conductivity used in the prototype scale simulation was × 3.2 10 2 m/s. Table 3 summarizes the material properties used for the corresponding simulations of the centrifuge tests on Toyoura sand. Figs. 5-7 reveal SANISAND performance when predicting the volumetric response of the centrifuge tests in terms of u and surface settlement during BD shearing. Fig. 5 depicts the r u time-histories during shaking resulting from motions 1 and 2 at depths of 6 and 12 m. It can be seen that the simulations capture both the peak values of r u and its rate of increase reasonably well under both base motions and at both monitored depths. Some discrepancies between the experiments and simulations can be observed as excess pore water pressure starts to dissipate; this phase of response is controlled largely by the hydraulic conductivity of soil. Also, the simulations show signs of dilation spikes while the experiment show a rather smooth variations in the r u time histories. Fig. 6 summarizes the depth profiles of u peak achieved during testing and simulations. The numerical results capture to a reasonable degree the trend and magnitude of the experimental evidence for both motions, showing the model is sensible to changes in shearing amplitude for elements at different initial confining pressures. Fig. 7 shows a good fit between the observed and simulated surface settlement timehistories during the application of shearing, where both the rate and the maximum of settlement were replicated. The experimental results suggest that most of the settlement occurred during shaking, which is typically the case for relatively permeable homogenous deposits with no surface crust. These settlements were mostly caused by partial drainage and excess pore water pressure dissipation during to shaking, which indicates that the numerical model is able to capture these mechanisms of volumetric response. Note that Su and Li [12] reported the surface settlement time-history for motion 1, while Su et al. [48] only provided the maximum surface settlement for motion 2; in both cases the settlements were reported only until the application of the shaking phase. Finally, Fig. 8 presents a comparison of the recorded and simulated acceleration time-histories in the x direction at the depth of 8 m. The comparison for motion 1, which at 8 m did not induce very high values of r u (see Figs. 5a and 6a), shows a good agreement between the simulation and experiment. For motion 2 with the much stronger shaking, the simulated accelerations shows moderate dilation spikes in 10-16 s, presumably due to variations stiffness between the contractive and dilative phases of response where the stress path crosses the dilatancy surface. The recorded acceleration response, including the dilation spikes, support the simulated values until around 12 s, but not beyond that. Beyond this point, the level of propagated acceleration in the experiment is less than the one simulated by the model. This perhaps can be explained from Figs. 5b and 6b which suggest that while in the experiment the entire soil column was liquefied, the base layers did not entirely liquefy in the simulation. Despite of this last observation, the simulations appear to reasonably capture the volumetric response of the soil deposit under this rather complex bidirectional shaking.
Bidirectional shaking of Nevada sand
Description of the centrifuge tests
El Shafee et al. [13, 14] conducted BD shearing centrifuge tests in the Rensselaer Polytechnic Institute (RPI) Network for Earthquake Engineering Simulation (NEES) centrifuge facility by using a two-dimensional shaker to study the response of level ground saturated sand deposits. The tested models consisted of saturated uniform Nevada sand deposits with a thickness of 7 m. The soil deposits were prepared by dry pluviation without any tamping to achieve initial D r of 45% and 75%, and were saturated using a fluid 25 times more viscous than water. The centrifuge tests made use of a laminar box consisting of dodecagonal rings stacked over each other. A detailed description of the testing procedure and instrumentation is given by El Shafee [59] .
The results from two centrifuge tests were selected for validation, one for each level of D r . Both of these tests were subjected to the same base excitation, which consisted of a BD synthetic shear pattern labeled here as motion 3, as listed in Table 2 and illustrated in Fig. 9 . This motion had peak accelerations of 0.10 g in each direction, with dominant frequencies of 1, 2 and 3 Hz, and was generated by varying the phase angle between its orthogonal components in order to simulate a phase angle-time history similar to those of real earthquakes [13] . Results in terms of r u and settlement time-histories at different depths were used for the validation purpose here.
Numerical simulations
The simulations for these tests made use of a 7 m-deep 3D soil column. SANISAND parameters considered the calibration for Nevada sand by Taiebat et al. [44] based on the constant-p monotonic and undrained cyclic triaxial tests reported by Arulmoli et al. [60] . Considering the very likely differences in cyclic response between the sand batch tested by Arulmoli et al. Table 3 . Fig. 10 shows the model performance in capturing the experimental results of a cyclic simple shear test up until the effective vertical stress reaches the onset of liquefaction. With no further adjustment, these calibrated model parameters were used to simulate the centrifuge tests. The hydraulic conductivity of × 2.2 10 5 m/s reported in El Shafee et al. [13, 14] was used for the simulations since the testing program used a high viscosity fluid consistent with the centrifuge scaling factor. The authors are not aware of reports on the phenomenon of agitation when this type of fluid with g-consistent viscosity is employed. Fig. 11 compares the experimental and simulated r u response for the BD shearing centrifuge tests with = D 45 r % and 75%, at depths of 1, 3, and 5 m. The results reveal that both centrifuge tests reached a state of liquefaction (r 1 u ) along almost all of their depth, without noticeable dissipation of excess pore water pressure during shaking. Fig. 11a for reveals that for = D 45 r % the model captured the overall r u response at all control points, particularly for the r u,peak , but without showing the apparent dilation spikes as seen in the experiment. For the denser test, depicted in Fig. 11b , the simulated rate of rise of r u has more consistency with the experimental results at depth of 3 m and lesser consistency at depths of 1 and 5 m. Despite the mentioned discrepancies, the numerical simulations and in particular the constitutive model appear capable of reasonably capturing the peak values of r u achieved at the control points for both centrifuges, showing the sensibility of the model for prediction of r u,peak for different levels of D r and confining pressures. Zeghal et al. [62] showed that the maximum surface settlements obtained during shaking for these experiments were between 1.6 cm and 2.5 cm, i.e. around 0.3% of the depth of the tested deposit. These values are significantly smaller than the settlements of 35-40 cm obtained in the Toyoura sand experiments (i.e., around 2% of the depth of the testes deposit). The negligible settlements during the shaking stage of the Nevada sand tests is a reflection of the relatively low level of permeability of this deposit compared to that of the Toyoura sand -see Table 3 -, which caused a closed to undrained condition during the application of shearing to Nevada sand deposit. Consequently, it can be considered that almost all of the volumetric response of the deposit in the Nevada sand tests were manifested as excess pore water pressure. The numerical simulations reflected this observation, as the maximum settlements obtained were less than 1 cm. Finally, Fig. 12 direction at depth of 5 m for both deposits. Fig. 12a shows that the model matches reasonably well the acceleration response for test with = D 45 r % until the soil approached a r u close to 1 at around 16-17 s. At this point, the experiments showed dilation spikes both in the acceleration and excess pore water pressure response (see also Fig. 11a ), but the simulations appear to not show those spikes as strongly as the experiments. Similarly, Fig. 12b shows that experiments and simulation match up until 9-10 s, but show differences beyond that time which might arise from the fact that the r u rose faster in the experiment than in the simulations.
As discussed earlier, the model has some shortcomings in capturing the deviatoric response at the liquefaction state, which would influence the accelerations beyond the onset of liquefaction. The simulations in this section however provide some evidences that these shortcomings do not prevent the model from successfully capturing the overall r u and settlement response during the shaking process. In combination with similar findings for numerical predictions of centrifuge tests under UD shearing reported by Tasiopoulou et al. [45] and Ramirez et al. [40] for the same constitutive model, it appears that SANISAND model can provide a reasonable estimate of the shear-induced volumetric response of level ground sand deposits during shaking for several scenarios including different intensities of the base input motions, a number of shearing patterns in UD and BD shaking, and a range of soil D r . These were possible by using a single set of model parameters per sand, determined using conventional UD laboratory shear tests. Moreover, the successful simulations were achieved in spite of factors involved in centrifuge testing that were not considered in the analyses such as modeling the change of hydraulic conductivity during shaking and considering lateral pore water pressure dissipation, which are likely to have contributed in the mismatches observed for rate of generation of u.
The increase of volumetric response
Relying on the capability of the model in capturing the shear induced volumetric response of sands in bidirectional shaking, this section presents a series of numerical analyses conducted to quantify the impact of BD seismic shaking on dry and saturated level ground sand deposits. The numerical analyses focused on the following engineering demand parameters (EDP): surface settlement for dry deposits, and excess pore water pressure response during shaking for fully saturated deposits. Detailed description of the numerical model configuration, soil properties, and selected ground motions are presented below.
Numerical models and selection of ground motions
The numerical simulations conducted involved modeling the response of a 30 m-deep sand deposit overlying a rigid and impermeable bedrock. Two different types of scenarios were simulated: a dry sand deposit configured without any pore water and a saturated sand deposit with water table at the ground surface and allowing only vertical flow of the pore water. For both of these models, three different levels of = D 30 r , 55 and 80% were considered. These values aimed to represent uniform single-layered deposits of loose, medium dense and dense sand, respectively. As in the validation exercise, the numerical analysis database was built using FLAC 3D . The simulations considered dry and fully water-saturated soil columns with a height of 30 m, spatially discretized with 60 cubic brick zones with a h of 0.5 × 0.5 × 0.5 m and with a t of 10 5 s. The base of the model was set as rigid while the side nodes were horizontally tied at each elevation to ensure 1D wave propagation, hence being consistent with the numerical configuration adopted in the validation section. Similarly, the dynamic stage considered Rayleigh damping with a target value of 1% was used. Surface settlements were monitored during the application of the motion in the dry models. For the saturated cases, water flow was modeled using the built-in isotropic fluid flow model of the program, allowing to record the pore water pressures in every 2 m along the height of the column. A constant and isotropic hydraulic conductivity = k 5 ×10 4 m/s was chosen for the analyses; this is the average of the k values used for the simulations of the centrifuge tests in the validation section. The selected hydraulic conductivity resulted in an almost undrained condition during shaking, thus preventing the shear-induced volumetric response of the model to partly exhibit in form surface settlement due to partial drainage and/or pore water pressure dissipation. Fig. 13 shows details of the model set up.
The SANISAND parameters adopted for the analyses were those calibrated by Yang et al. [31] for Monterey No. 0/30. This set of parameters was chosen as they were evaluated against BD cyclic shear tests, therefore allowing for a direct element to boundary value scale comparison. In the present study, the shear modulus parameter G 0 was increased to represent a soil column with an initial V s30 of around 200 m/s. This increase also reflects the fact that the original value of G 0 for Monterey No. 0/30 sand in the SANISAND formulation was calibrated from monotonic triaxial tests, which can lead to an underestimation of the soil deposit stiffness [63] . Table 3 presents details of the numerical and constitutive model properties of the soil column.
The models analyzed were subjected to a series of 40 pairs of nonscaled shallow crustal earthquake ground motions obtained from the PEER Strong Motion Database [64] for stations at site classes C and D according to the NEHRP V s30 classification [65] . These recordings were selected to cover a considerable range of source parameters: earthquake Moment magnitude (M w ) ranging from 5.8 to 7.6 and rupture distance (R rup ) from 16 to 88 km. Additionally, they were chosen in order to cover a wide range of earthquake intensity measures (IMs), particularly those that have been historically used in liquefaction triggering analysis, such as peak ground acceleration (PGA) and Arias intensity (I a ) [66, 67] , and more recent ones associated with excess pore water pressure response such as Cumulative Absolute Velocity after application of 5 cm/s 2 as threshold acceleration or CAV 5 [68] . The selected earthquakes and their main characteristics are summarized in Table 4 . Also, Fig. 14 illustrates their source parameter distribution. Ground motions recorded at sites with R rup smaller than 16 km were intentionally avoided to prevent dealing with the effect of forward directivity. This was checked by selecting ground motions whose x and y components exhibited similar values of IMs, such as I a . Therefore, the motions chosen in this study are expected to not have any directivity or dominant direction, as suggested in the acceleration orbit in Fig. 1 . Following this criterion, the analyses focused on understanding the effects BD loading without considering the orientation of the numerical model with respect to the ground motion direction. Fig. 15 illustrates the time-histories of I a and CAV 5 of the 1995 Kobe Earthquake recorded at the Shin-Osaka station. Nevertheless, for the sake of consistency, the recording with the highest value of I a between the pair of horizontal components per ground motion was the one applied in the x direction in the numerical model. Finally, the seismic records were not deconvoluted nor modified to consider the stiffnesses of the recording sites and of the rigid bedrock since the intent of this study is to merely gain insight about the comparative response of the deposits in UD and BD seismic shearing. The 40 selected ground motions (80 recordings in total considering the horizontal x and y components of each motion) were applied at the base of the model as acceleration time-histories to replicate cases of UD and BD seismic shearing. The excitations were applied separately in the x and y directions for UD shearing, and simultaneously in both directions for the BD shearing cases. Table 5 summarizes the analysis information related to the 2 (saturation conditions) × 3 (relative densities) × 3 (loading directions) × 40 (pairs of ground motions) = 720 cases evaluated.
Effect on settlement of dry deposits
The EDP considered for the dry models was surface settlement, obtained by recording the vertical displacement at the top of the soil column. Fig. 16 shows the computed surface settlement time-histories obtained from the analyses of the soil column with = D 55% r when subjected to motion No. 8, according to Table 4 . The results from the two UD analyses (UD x and UD y ) resemble each other since, as intended, the ground motion has no dominant direction. However, there is a significant difference between the settlement results from the BD and UD shearing analyses; the settlement in the former developed at a faster rate and to a higher final magnitude. The accumulation of settlement for all scenarios followed the shape of the time-history of I a , CAV 5 , show in Fig. 15 for motion No. 8, and/or other evolutionary intensity measures. At the end of the earthquake excitations, the computed settlement under the BD shearing is nearly 80% higher than those under the corresponding UD shearing. To further look into the extent of these differences, Fig. 17 presents contours of settlement for the same motion at different depths, and for the UD x and BD shearing cases. By focusing on the settlement contour of 5 cm, the results exposed how BD shearing not only increased the rate of settlement development along the depth of soil column, but also induced this level of settlement at around a depth of 18 m compared to the 12 m for the UD x shearing case. Fig. 18 summarizes the surface settlement results from all the analyses performed for the dry model. Each point in this plot represents the results related to one of the 40 pairs of ground motions and one of the three D r . The horizontal axis shows the mean surface settlement from the UD x and UD y analyses, while the vertical axis shows the surface settlement from the BD analysis. In all cases, the magnitude of settlement was obtained at the end of seismic excitation. The results show that the highest settlements both for UD and BD shearing are observed for the soil column configuration with = D 30% r . The overall results indicate a uniform increase of 80% in surface settlement due to BD shearing. This increase does not appear to be significantly influenced by the level of D r . While this latter observation differs with the findings of Bhaumik et al. [11] and Nie et al. [16] , the increase percentage falls within the range of 50%-200% determined in their element-scale studies and resembles the 100% increase observed by Pyke et al. [1] in their shake table tests. Nevertheless, recent experimental and numerical observations determined in Bhaumik et al. [69] and in Ramirez et al. [40] suggest that assessing the seismic response of large-scale sand systems based only on one type of element-level tests may lead to comparison inconsistencies similar to those observed here. 
Effect on excess pore water pressure of saturated deposits
For the saturated cases, the excess pore water pressure response was chosen as EDP to obtain a scalar index for liquefaction hazard evaluation for both UD and BD shaking scenarios. The excess pore water pressure was monitored at every 2 m along the height of the soil column model and only during the application of the seismic shearing. Fig. 19 shows the excess pore water pressure ratio (r u ) time-histories developed during the analysis of a soil column with = D 55% r when subjected to motion No. 8. In this study, the definition of r u is taken as the ratio between excess pore water pressure and initial vertical effective stress. As in the dry models, the development of shear-induced volumetric response during shaking, represented here by r u , resembles the shape of the time-history of evolutionary intensity measures of motion No. 8 as presented in Fig. 15 . It can also be observed that the response of the UD x and UD y cases are similar to each other, and in general they are lower or equal to the BD case. The differences between the response at each depth during the UD and BD shearing regimes increase as peak r u approaches the attractor value of 1 and decreases once peak r u during BD shearing reaches its limit. Fig. 19 also shows that the r u response near the surface exhibits higher dilation spikes during UD shearing than during BD shearing. This dilative behavior can be attributed to the fact that in the UD analyses the shear strain accumulates in one direction while in the BD case such strain is distributed on a horizontal plane, constantly changing the shearing direction, thus allowing for a smoother transition between loading and unloading. Conversely, in UD shearing the strains are concentrated in one direction and abruptly change in the opposite direction upon unloading. Similar observations regarding the differences in dilation spikes were noticed by El Shafee Fig. 19 . Excess pore water pressure ratio (r u ) time-histories at different depths for UD and BD shearing computed for saturated model with = D 55% r subjected to ground motion No. 8. Fig. 20 shows the contours of r u for the same motion at different depths and times for the UD x and BD analyses. These results indicate that excess pore water pressure at different elevations started to rise at between 8 s and 11 s and reached their peak values (r u,peak ) at 30 s for the UD x case and at 20 s for the BD analysis, showcasing a faster increase of excess pore water pressure during the latter. Both Figs. 19 and 20 also show that the thickness of the layer reaching or exceeding an r u,peak value between 0.85 and 1.0 is greater during BD loading than during UD loading. For more detail, Fig. 21 presents the profile of r u,peak for the same soil column. Here, h liq is defined as the thickness of the layer exceeding an r u,peak value of 0.95 -a threshold chosen for illustrative purposes. It is shown then that h 13 liq and 20 m for the UD x and BD analyses, respectively. Evidently, this increase of h liq of 7 m caused by BD shearing is significant considering the depth of the soil column. The observations presented here in terms of increase of rate and magnitude of excess pore water pressure response and h liq are similar to what was determined in previous in experimental and numerical studies for relatively large-scale saturated systems [e.g., [12] [13] [14] 21] and are conceptually similar to what was determined for the dry models in an earlier section.
To further expand on the comparison, an additional index of performance, labeled as r u,peak , was proposed based on the depth-average of the r u,peak profile. More specifically and as shown in Fig. 21 , the r u,peak for an analysis is the average of the r u,peak values obtained at different control points along the soil deposit. The r u,peak reasonably captures the overall developed excess pore water pressure of each model, and allows to more readily summarize the results from all the analyses. An = r 1 u,peak
indicates that the entire deposit has reached the onset of liquefaction due to seismic shearing. A summary of r u,peak is presented in Fig. 22 , where the x axis represents the average response between the UD x and UD y analysis while the y axis shows the response for the BD case. In general, r u,peak developed under the BD shearing was up to 60% higher than the values obtained in UD shearing. Naturally, this increase becomes smaller as r u,peak approaches 1. Similar to previous findings [e.g., 12], the increase of r u,peak in the loose sand case was observed to be generally smaller, at around 20%, since r u,peak exhibited values close to 1 in both UD and BD loading analysis for the cases of moderate to strong earthquakes. Nevertheless, in dense sands, where the developed r u,peak values are in general smaller than in the loose case, the increase can be as much as 60%, as can be deduced from the findings of Cerna-Diaz et al. [15] . Fig. 23 summarizes the developed h liq for an > r 0.95 u,peak in all the saturated analyses with = D 30% r and 55%. For each earthquake scenario, the mean result for the UD analyses and the one for the corresponding BD analysis are presented in the x and y axes, respectively. The UD shearing developed small or even non-existent liquified layer for the relatively weak earthquakes, resulting in h liq values ranging from 0 to 5 m. For these same earthquakes, the BD shearing generated larger h liq values of 0-10 m. For the scenarios where the h liq for the UD shearing falls between 5 and 20 m, the increment of the liquefied layer thickness in the corresponding BD shearing became larger and more consistent, in the range of 5-10 m. For the strongest earthquakes, nearly the whole soil column was liquefied in both UD and BD shearing. The bidirectional shearing scenario leading to liquefaction of the entire soil column was observed in some of the centrifuge and numerical modeling cases presented earlier in Sec. 3.
To thoroughly address the increase of h liq caused by BD shearing ( h liq ), three different thresholds of r u,peak to define the h liq were chosen: 0.85, 0.90 and 0.95. Using these values, Fig. 24 compiles the results from the simulations of the saturated model for = D 30% r and 55% by showing the mean and standard deviation values of h liq . It is shown that h liq due to BD shearing can be in average between 5 and 6 m thicker for a 30 m-deep sand deposit, and it is not affected significantly by the selection of r u,peak threshold. The results for the dense case are not shown because for that case the r u,peak reaching values between from 0.85 to 1 might be indicator of the beginning of a progressive accumulation of shear strains, i.e., cyclic mobility, rather than of a sudden decrease of stiffness and strength, i.e., liquefaction.
Analysis considering a target seismic hazard
Numerical models and ground motion scaling
The implications of considering UD vs. BD seismic shearing can also be evaluated in analyses for a specified site seismic hazard. For this purpose, the development of settlement and excess pore water pressure response was evaluated for the target seismic hazard of a hypothetical site located in Seattle, WA, USA, which was first presented as an engineering application example in Kramer and Mitchell [68] . The simulations were completed for dry and saturated 30-m deep singlelayered soil columns with a = D 55% r . A new suite of 20 linearly scaled ground motions, summarized in Table 6 , was selected as shaking input considering the same criteria described in section 4.1. These motions were purposely not included in the database developed for the previous analyses to avoid any bias in the results of the exercise. Each horizontal acceleration time-history was scaled to meet the desired level of seismic hazard for the target site; the calculation of scaling factors (SFs) of each ground motion for the UD and BD shearing analyses followed this procedure:
• Target Seattle, and for a return-period of 100 years [68] . These values are representative of the same expected seismic hazard.
• The PGA, I a and CAV 5 values for the non-scaled components of each ground motion were computed and reported in Table 6. • To complete the UD shearing analyses, the x and y components of each ground motion were separately multiplied by their corresponding SFs so that each met the expected hazard. This process was done separately for each of the three IMs, resulting in a total of six SFs per earthquake.
• For the BD shearing scenario, for each pair of ground motion a single SF was multiplied by both the x and y components such that the geometric mean of the IM of the scaled record matched the target value. Consequently, three SFs, one per IM, were derived per earthquake. The use of a geometric mean to combine the contributions of the x and y component is consistent with recommendations of the NRCC [70] , and with the averaging type of the ground motion prediction equations used by Kramer and Mitchell [68] .
The calculated SFs for each of the 20 new motions and each of the three IMs are presented in Table 7 , both for the individual x and y components used for the unidirectional shearing analysis, and for the combined components used for the bidirectional shearing. The model configuration and soil properties used for this exercise were the same as those used in the development of the main dataset of the earlier sections. Table 8 summarizes the complete set of linearly scaled analyses related to the 2 (saturation conditions) × 1 (relative density) × 3 (loading directions) × 3 (target intensity measures) × 20 (pairs of ground motions) = 360 cases evaluated.
Role of target intensity measure
The results of the analyses were again evaluated in terms of surface settlement for the dry cases and r u,peak and h liq for the saturated models. Fig. 25 summarizes the results for each EDP, according to the different target IMs and from both UD and BD shearing analyses. Interestingly, the increase of the mean response of each EDP is consistent to what was obtained in the previous dataset: approximately 80% for surface settlement, up to 30% for r u,peak and around 6 m for h liq . It is important to mention that these increases occur even when all the ground motions used in each approach, i.e., UD and BD shearing, were scaled to the same level of hazard, unlike the previous set of analyses which considered non-scaled motions. This evidence shows that scaling the recordings used in UD shearing analyses to any target IM is clearly not sufficient to account for the impact of BD seismic shearing, which is of essential practical importance. Note that the target IM is typically estimated in ground motion prediction equations as the geometric mean (or any variation) of the two horizontal components. Fig. 25 also reveals that the choice of IM to characterize seismic hazard and to scale ground motions plays an important role in the predicted response and its variability. It can be observed that for all EDPs, PGA is the one IM yielding the largest and more uncertain results for either of the loading cases. It follows then that accounting for the impact of BD seismic shearing requires defining optimal ground motions intensity measures associated to both UD and BD seismic shearing. These optimal IMs would serve as ideal targets for scaling the earthquake recordings used as input in nonlinear dynamic analyses, for which there is an absence of geotechnical guidelines to account for multidirectional shaking effects. Existing research on optimal IMs for liquefaction-related phenomena at free-field conditions [e.g., 68, 71] , and for shallow foundations [e.g., 72, 73] , rely on UD shearing; thus, they need to be extended to consider BD seismic loading. It is likely then that, in the context of UD analysis and as long as such optimal IMs are used for scaling to the target hazard, additional SFs can be derived for considering the deleterious impact of BD shearing. These SFs would either a) increase the resulting excess pore water pressure and surface settlement, or b) amplify the UD load itself. Preliminary findings in terms of SFs to account for the BD seismic shearing in the equivalent UD analysis were presented by the authors in Adinata et al. [74] . The numerical methods used in the present paper can be further expanded to account for a more realistic soil stratigraphy, a range of soil properties, and even soil-structure interaction cases. Moreover, they can be used to develop validated procedures and/or guidelines for estimating soil response under BD seismic shearing.
Summary and conclusions
This paper quantified the impact of the multidirectional nature of ground motions on the shear-induced volumetric response during shaking for level ground sand deposits by means of a numerical approach. The series of non-linear dynamic analyses carried out for this purpose made use of a verified three-dimensional finite difference computer program for modeling dynamic wave propagation and solidpore fluid interaction and an anisotropic bounding surface plasticity model for modeling the cyclic response of sands. The constitutive model was first validated against a number of bidirectional shearing centrifuge tests, showing the model predictive capabilities for capturing the shearinduced volumetric response in terms of excess pore water pressure and surface settlement during shaking. The numerical simulations consisted of modeling dry and fully water-saturated 30 m-deep sand deposits subjected to unidirectional (UD) and bidirectional (BD) seismic shearing. The analyses considered homogenous soil columns for three levels of relative density and different levels of shaking intensity. The results were evaluated in terms surface settlement for the case of the dry models and excess pore water pressure response during shaking for the saturated cases. For the saturated case surface settlement during shaking was negligible because the adopted hydraulic conductivity for the deposit that led to a nearly undrained response of the deposit. The comparison of the response of BD against the UD earthquake shaking showed the importance of accounting for both orthogonal components of ground motion in the horizontal plane rather than either one of those, as it was determined that the shear-induced volumetric response during BD seismic shearing is always higher. Specifically, the simulations revealed the following: • For the dry deposits, the surface settlement was in average of 80% higher.
• In the saturated deposits, the depth-averaged peak excess pore water pressure ratio or r u,peak was up to 60% higher. This increase proved to be larger for the case of dense sands ( = D 80% r ) deposit and smaller for the case of loose sands ( = D 30% r ) deposit.
• The thickness of the layer of soil approaching an = r 1 u,peak is in average 5-6 m larger in the 30 m-thick loose to medium dense soil deposits.
These results suggest that procedures to estimate volumetric strains and liquefaction-related phenomena require to account for BD seismic shearing as a closer approximation of realistic earthquake loading. An additional set of UD and BD shearing analyses which considered a target seismic hazard of a hypothetical site in Seattle, and relied on linear scaling, further showed the need for the development of optimal ground motions intensity measures for an adequate characterization and scaling of ground motions. Such intensity measures are key in developing in the development of validated methods and guidelines to address BD seismic shearing. These needs can be met by following the validated numerical methods used in developing the database introduced here and expanding them to more realistic scenarios.
The uncertainties of the results of the simulations conducted in this study are mostly related to the performance of the constitutive model, the deterministic characterization of its parameters, use of a constant hydraulic conductivity, and ground motion variability. Hence, the conclusions presented here can be further strengthen by considering spatial and temporal variation of material properties, deposit stratigraphy, and earthquakes from sub-crustal and subduction tectonic environments. Additionally, the understanding of the effects of BD seismic shearing should cover near-fault ground motions that exhibit directivity effects and direct interaction with the orientation of building structural elements.
